Abstract Bone marrow mononuclear cells (BMMNCs) can counteract oxidative stress and inhibit the inflammatory response in focal ischemic stroke models. However, the effect of BMMNC transplantation on carotid atherosclerosis needs to be determined. The carotid atherosclerotic plaque model was established in New Zealand White rabbits by balloon injury and 8 weeks of high-fat diet. Rabbits were randomized to receive an intravenous injection of autologous bromodeoxyuridine (BrdU)-labeled BMMNCs or an equal volume of phosphate-buffered saline. Plaques were evaluated for expression of proinflammatory and antiinflammatory cytokines, anti-oxidant proteins, and markers of cell death. BMMNCs migrated into atherosclerotic plaque on the first day after cell transplantation. BMMNC-treated rabbits had smaller plaques and more collagen deposition than did the vehicle-treated controls on day 28 (p<0.05). BMMNC treatment significantly increased endothelial nitric oxide synthase and the anti-oxidant enzymes glutathione peroxidase and superoxide dismutase in plaques compared to vehicle treatment on day 7. BMMNC-treated rabbits also had lower levels of cleaved caspase-3 expression; lower levels of proinflammatory cytokines interleukin-1β, tumor necrosis factor alpha, and matrix metalloproteinase 9; and higher levels of insulin-like growth factor-1 and its receptor (p<0.05). Autologous BMMNC transplantation can suppress the process of atherosclerotic plaque formation and is associated with enhanced antioxidative effect, reduced levels of inflammatory cytokines and cleaved caspase-3, and increased expression of insulin-like growth factor-1 and its receptor. BMMNC transplantation represents a novel approach for the treatment of carotid atherosclerosis.
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Introduction
As the population ages and the standard of living rises, carotid atherosclerosis has become an independent and important risk factor for the development of ischemic cerebrovascular disease [1] . In recent decades, atherosclerosis has become a leading cause of death and long-term disability in adults worldwide [1, 2] . Carotid atherosclerosis begins with the accumulation of low-density lipoprotein (LDL) and an increase in reactive oxygen species (ROS) in intima [3] . The LDL particles are subjected to oxidative modifications through enzymatic attack by ROS in the intima and are transformed into oxidized LDL (OxLDL) [4] . In plaque, OxLDL increases O 2 − and H 2 O 2 [5, 6] , which directly lead to apoptosis of endothelial cells (ECs) and smooth muscle cells (SMCs) and a reduction in endothelial nitric oxide synthase (eNOS) [7] . In addition, OxLDL significantly upregulates the expression of proinflammatory factors, including matrix metalloproteinase 9 (MMP-9), interleukin-1β (IL-1β), and tumor necrosis factor alpha (TNF-α) [8] [9] [10] , thus causing an inflammatory response in plaque that promotes the development of atherosclerosis [11] . Under homeostatic conditions, scavenging systems are in place to limit ROS levels [12] . O 2 − may be converted by a family of superoxide dismutases (SODs) to H 2 O 2 , which can be removed from the system by catalase or glutathione peroxidase (GPx) [13, 14] . However, atherosclerosis inhibits the expression of SODs and GPx [15, 16] . Therefore, augmenting anti-oxidative pathways by upregulating SODs and GPx has been proposed as a potential method to decrease atherosclerosis progression. Insulin-like growth factor 1 (IGF-1) has pleiotropic protective effects for most diseases and has been shown to play an indispensable role in reducing oxidative stress and delaying atherosclerotic plaque progression [17] . IGF-1 acts mainly through its receptor, IGF-1R [18] , which prevents OxLDLinduced cell apoptosis and inflammatory responses [19] . Recently, reports have suggested that the transplantation of bone marrow mononuclear cells (BMMNCs) can upregulate endogenous IGF-1 level in the myocardial infarction model [20] . Therefore, we hypothesized that transplantation of autologous BMMNCs might also exert protective effects in carotid atherosclerosis plaques. In the current study, we assessed the effect of autologous BMMNC transplantation on carotid atherosclerosis plaque size and on plaque levels of anti-oxidant enzymes and proinflammatory cytokines and mediators.
Materials and Methods

Animals and Experimental Groups
One hundred and three male New Zealand White rabbits (3 months old, 1.5-2 kg) were purchased from the Animal Experimental Center of Zhengzhou University. They were kept at a constant room temperature, with free access to water. All protocols were approved by the Animal Care and Use Committee of Zhengzhou University and were designed to minimize animal suffering. The animals were randomly divided into four groups: naive group (normal diet, n=14), shamoperated group (high-fat diet + sham operation, n =14), vehicle-treated group (high-fat diet + balloon operation + vehicle, n=29), and BMMNC-treated group (high-fat diet + balloon operation + BMMNCs, n=29).
Establishment of Carotid Atherosclerotic Plaque Model
The carotid atherosclerotic plaque model was established in the rabbits by balloon injury [21] . After 1 week of an adaptive phase with a high-fat diet containing 1.5 % cholesterol, 6 % lard, and 92.5 % normal diet (provided by the Animal Experimental Center of Zhengzhou University), 72 animals were anesthetized with an intramuscular injection of Sumianxin II (0.2 mL/kg). Then, an anterior midline incision was made, and the left common carotid artery and the internal and external carotid arteries were isolated. The distal end of the external carotid artery was ligated, and the proximal common carotid artery and internal carotid artery were temporarily occluded with artery clips. The external carotid artery near the ligation was punctured. A 2.5-F Fogarty balloon catheter was inserted into the artery up to the bifurcation of the common carotid artery, and 800 μL of air was injected into the balloon. The inflated balloon was pulled back a total of three times in the same arterial segment before the catheter was withdrawn. The artery clips were removed with compression hemostasis, and routine antibiotics were applied to prevent infection. The rabbits received a high-fat diet for 8 weeks after the operation. Plaque formation was assessed by ultrasound (see below). Two randomly selected rabbits from each group were sacrificed and their left common carotid arteries collected for confirmation of plaque formation.
Ultrasound Examination of Carotid Arteries
After rabbits had been fed a high-fat diet for 8 weeks, we examined the carotid arteries in all groups by ultrasound using a Siemens Sequoia 512 ultrasound scanner with a 6-14-MHz linear probe (Siemens, Mountain View, CA, USA). We used a conventional grayscale ultrasound to measure the carotid intima-media thickness and color Doppler flow imaging to further visualize the vascular stenosis. Carotid plaque was identified as a discrete projection, with the intima-media thickness ≥50 % from the adjacent wall into the vessel lumen [22] .
Preparation of BMMNCs
After the 8-week high-fat diet, rabbits in the BMMNC treatment group underwent an autologous BMMNC transplantation. Under aseptic conditions, we anesthetized the rabbits as described above and punctured the lateral tibial tubercle with a no.16 bone marrow puncture needle connected to a 10-mL syringe containing 2 mL of heparin sodium (2500 U/mL). Eight milliliters of bone marrow fluid was obtained from each rabbit. The bone marrow cell suspension was slowly added to an equal volume of Percoll solution (Tianjin TBD Ltd., China). After centrifugation of the suspension at 2500 rpm for 30 min, we extracted the white film in the middle of the mixture and washed it three times with phosphate-buffered saline (PBS). The concentration density of the cells was verified in a Neubauer counting chamber, and viability was determined with Trypan blue staining. To determine their migratory ability, we labeled the BMMNCs with bromodeoxyuridine (BrdU) by incubating them in culture medium containing 12 g/mL BrdU (Sigma, St. Louis, MO, USA) overnight. After they were labeled, the cells were washed with PBS to remove excess unbound BrdU, resuspended in PBS at a concentration of 1×10 7 cells/mL, and used immediately for implantation. After anesthetizing the rabbits, we shaved the hair over the right marginal ear vein and cleaned the injection site with alcohol. For the transplantation group, we administered 1 mL of PBS containing BMMNCs into the vein by syringe injection. The vehicle-treated group was injected with an equal volume of PBS alone. All rabbits were administered antibiotics for 3 days after the procedure to prevent infection [23] .
Assessment of Transplanted BMMNCs
We sacrificed rabbits in the BMMNC-and vehicle-treated groups on day 1 after cell transplantation to assess BMMNC migration (n=3 per group). The left carotid arteries of these rabbits were removed. Blood vessels were soaked in 4 % paraformaldehyde overnight at 4°C and then stored in a 30 % sucrose/0.01 mol/L PBS solution until they sank. The vessels were then embedded in Tissue-Tek O.C.T. compound (Sakura Finetechnical, Tokyo, Japan) and serial-sectioned into 5-μm-thick slices on a microtome (RM2235, Leica Microsystems, Wetzlar, Germany). The sections were washed in 0.1 mol/L PBS containing 1 % Triton X-100, treated with 1 mol/L HCl for 10 min on ice, washed again, and treated with 2 mol/L HCl for 10 min at room temperature. Then, they were incubated with blocking buffer. Endogenous peroxidase was blocked with 3 % hydrogen peroxide for 5 min, and nonspecific binding was blocked in 5 % normal goat serum/0.3 % Triton X in PBS for 1 h at room temperature. The sections were incubated in anti-BrdU sheep polyclonal antibody (1:100, Abcam, Cambridge, MA, USA) overnight at 4°C and then with Alexa Fluor 488-conjugated donkey antisheep IgG antibody (1:800, Abcam) for 2 h at room temperature for visualization of antibody binding.
Measurement of Serum Lipid
Fasting blood samples were collected from the ear margin vein before initiation of the high-fat diet (baseline), at the end of the 8-week high-fat diet period (day 0) and on days 7 and 28 after BMMNC transplantation. Blood serum levels of high-density lipoprotein (HDL), LDL, total cholesterol (TC), and triglycerides (TG) were measured with an automated biochemical analyzer (Roche Hitachi 917; Block Scientific, NY, USA).
Histologic Evaluation
Rabbits from BMMNC-treated and vehicle-treated groups were sacrificed, and the left carotid arteries were removed. Vessels were fixed and cut as described above. We stained the tissue slices with hematoxylin and eosin (HE) and Masson trichromatic stain to analyze the plaque size, the percentage of plaque area, and collagen deposition. We randomly chose five cross sections from each rabbit for quantitative measurement and averaged the values [24] . Images were captured on a microcomputer equipped with a digital camera connected to a microscope (Olympus Optical Co., Japan). Two investigators blinded to treatment group performed quantitative assessments using a computer image analysis system (Image-Pro Plus Version 5.0.1).
Western Blot Analysis
We sacrificed six rabbits from each group on day 7 after cell transplantation. Vessels were washed with saline and homogenized in radioimmunoprecipitation assay lysis buffer (Boster Biological Engineering Co. ltd, Wuhan, China). After centrifugation (14,000 rpm, 5 min, 4°C), samples were separated on a 4 % stacking gel and 7.5-12 % separating gel. Protein was transferred onto polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA), which were blocked for 1 h at room temperature or overnight at 4°C with 5 % nonfat milk (Sangon Biotech, Shanghai, China). The primary antibodies were mouse anti-rabbit IGF-1 (1:200, Global Biological Technologies Inc., Shanghai, China), rabbit antirabbit IGF-1R (1:100, Biosynthesis), rabbit anti-rabbit eNOS (1:400, Boster), mouse anti-rabbit GPx-1 (1:100, Abcam), goat anti-rabbit SOD-1 (1:1000, Abcam), rabbit anti-rabbit caspase-3 (1:1000, Abcam), and mouse anti-rabbit β-actin (1:500, Boster). After three washes, membranes were incubated for 1 h at room temperature with horseradish peroxidase (HRP)-conjugated goat anti-rabbit (1:2000, Boster), goat antimouse (1:2000, Sangon Biotech), or donkey anti-goat (1:5000, Sangon Biotech) secondary antibody. Protein bands were visualized by enhanced chemiluminescence with an ECL Plus chemiluminescence detection kit (Sangon Biotech). Optical density of the protein bands was quantified by Gel Analysis V2.02 software (Clinx Science Instruments).
RT-PCR of Carotid Artery
One centimeter of vessel was homogenized for extraction of total RNA by TRIzol reagent (ComWin Biotech, Beijing, China) according to the manufacturer's instructions. Firststrand cDNA was synthesized with Super RT kit (ComWin Biotech) and amplified by 35 cycles of PCR with PCR Master Mix (Sangon Biotech). The primers used for amplification were as follows: For IL-1β, the forward primer was 5′-GGTGTTGTCTGGCACGTATG-3′ and the reverse primer was 5′-GGCCACAGGTATCTTGTCGT-3′ (product band, 124 bp, Tm, 52°C). For TNF-α, the forward primer was 5′-ACCCTCACACTCAGATC ATCTTCT-3′ and the reverse primer was 5′-CAGATTGACCTCAGCGCTGAGTTG-3′ (product band, 422 bp, Tm, 59°C). For MMP-9, the forward primer was 5′-AAGACGCAGACGGTGGATT-3′ and the reverse primer was 5′-CCAGAACAAACGCCCAGTT-3′ (product band, 314 bp, Tm, 52°C). For glyceraldehyde-3-phosphate dehydrogenase (GAPDH), the forward primer was 5′-CCTGCGACTTCAACAGTGC-3′ and the reverse primer was 5′-GCCTCTCGTCCTCCTCTG-3′ (product band, 210 bp, Tm, 58°C). PCR products were electrophoresed on a 1.5 % agarose gel, and the relative amount of each product was calculated by Quantity One software as a ratio of the GAPDH band.
Statistical Analysis
All data were analyzed by SPSS 13.0 statistical software and are presented as mean±standard deviation (x ±SD). Chisquare test was used to examine the differences in mortality among the BMMNC-treated and vehicle-treated groups. Oneway ANOVA and the least significant difference (LSD) test were used to identify group differences of cytokine levels. Repeated measures ANOVA followed by the LSD test was used to determine changes in serum lipid and body weight. Student's t test was used to analyze group differences in lesion size and composition. A p value <0.05 was considered statistically significant.
Results
Confirmation of Model Establishment
Ultrasound examination showed that all rabbits subjected to balloon injury and an 8-week high-fat diet formed carotid atherosclerotic plaques. No plaques were apparent in naive or shamoperated rabbits (Fig. 1a-d) . HE staining revealed marked thickening of the intima and a large lipid core in rabbits that underwent balloon injury with a high-fat diet, indicating that plaques had formed. The intima of the sham-operated, high-fat diet group was somewhat thicker than the adjacent wall. In contrast, vessels in the naive group were smooth, with intact ECs, non-thickened intima, and no fat accumulation (Fig. 1e-h ).
Mortality
Eight of 103 (7.8 %) rabbits died of diarrhea, tinea pedis, or anesthetic accidents before cell transplantation. The mortality after cell or vehicle treatment was 5/34 (14.7 %) in vehicletreated rabbits and 4/33 (12.1 %) in BMMNC-treated rabbits but did not differ between the two groups (χ 2 =0.096, p=0.756).
Serum Lipids and Body Weight
The serum lipid levels (HDL, LDL, TC, and TG) were significantly elevated in rabbits fed the high-fat diet compared to those in the naive group (p<0.05). Levels did not differ significantly between the vehicle-treated group and the shamoperated group (p>0.05). Moreover, BMMNC treatment did not alter serum lipid levels as compared with those of the vehicle group (p>0.05; Fig. 2a-d) . Body weights increased significantly from baseline in all groups (p<0.05). However, no significant difference in body weight was present between BMMNC-and vehicle-treated groups (p>0.05; Fig. 2e ). (Fig. 3a-d) . At the same time, collagen deposition was dramatically elevated in BMMNC-treated rabbits compared to that in the vehicle-treated group, as assessed by Masson trichromatic staining (Fig. 3e-g ).
Pathology and Morphometry Evaluation of Plaque
Migration of BMMNCs
BMMNCs labeled with BrdU were found to have migrated into atherosclerotic plaques on day 1 after cell transplantation (Fig. 3h, i) .
BMMNC Treatment Suppresses Oxidative Stress in Plaque
It is well known that oxidative stress contributes to the onset of atherosclerosis and reduces the production of GPx and SOD (anti-oxidant enzymes) [25] and eNOS (the rate-limiting enzyme of nitric oxide production). The downregulation of these protective proteins leads to acceleration of atherosclerosis progress. Western blotting showed that levels of GPx-1, SOD-1, and eNOS were decreased in the atherosclerotic carotid artery of vehicle-treated rabbits (p<0.05). However, BMMNC treatment ameliorated the reduction in these proteins on day 7 after cell transplantation (p<0.05 versus vehicle treatment; Fig. 4a-f) . Fig. 1 Ultrasound examination and hematoxylin and eosin (HE) staining show that rabbits subjected to balloon injury and a high-fat diet form carotid atherosclerotic plaque. a-d Representative ultrasound images of carotid vessels in rabbits. Rabbits fed a high-fat diet and subjected to balloon injury developed carotid atherosclerotic plaques (white arrows).
e-h Representative HE-stained carotid vessels. The HE staining shows thicker intima in carotid vessels of rabbits after a high-fat diet and balloon injury, indicating the formation of plaques. The intima in carotid vessel of sham rabbits was partly thicker than the adjacent wall. Black arrows point to partly thickened intima. Scale bars=200 μm. n=2 rabbits per group 
BMMNC Treatment Prevents Cell Apoptosis in Plaques
The stability of atherosclerotic plaques is related to the balance between cell death and cell survival [26] . Caspase-3 is activated in apoptotic cells and transformed to cleaved caspase-3, which can reflect the extent of cell apoptosis. Western blot analysis showed more cleaved caspase-3 in vehicle-treated rabbits than in naive or shamoperated rabbits (p<0.05). BMMNC transplantation reduced the expression of cleaved caspase-3 compared with the vehicle-treated group (p < 0.05 vs. vehicle treatment; Fig. 4g, h ).
BMMNC Treatment Attenuates Inflammatory Response in Plaques
To eliminate OxLDL in intima, the immune system recruits a variety of inflammatory cells into the plaque, including monocytes and neutrophils, leading to a series of inflammatory responses [9] . Emerging evidence suggests that autologous BMMNCs have an anti-inflammatory effect in ischemic diseases [27] . Using RT-PCR, we found that production of IL-1β, TNF-α, and MMP-9 was significantly elevated in rabbits of the vehicle-treated group compared with that in the naive and sham-operated groups (p<0.05). MMP-9 is an important proteinase that can degrade extracellular matrix [28, 29] ; however, elevated MMP-9 activity promotes atherosclerotic plaque instability [30] . Levels of the proinflammatory cytokines IL-1β and TNF-α, and the proteinase MMP-9, were significantly reduced by BMMNC treatment (p<0.05 vs. vehicle treatment; Fig. 4i-l) .
BMMNCs Upregulate the IGF-1/IGF-1R Signaling Pathway
Previous studies have shown that atherosclerosis causes downregulation of IGF-1 and its receptor, IGF-1R [31] , which plays a central role in counteracting oxidative effects, inflammatory responses, and cell apoptosis in plaque [32] . In our study, western blot analysis showed that a high-fat diet and balloon injury mediated a significant reduction in the expression of IGF-1 and IGF-1R. BMMNC treatment significantly increased the levels of both IGF-1 and IGF-1R expression in the plaque (p<0.05 vs. vehicle treatment; Fig. 5 ).
Discussion
Our results show for the first time that intravenous infusion of autologous BMMNCs reduces atherosclerotic plaque size and increases the collagen content of plaque in a rabbit model of atherosclerosis. The protection provided by the autologous BMMNC transplantation may involve reduction of proinflammatory cytokines (IL-1β, TNF-α), MMP-9 activity, and cleaved caspase-3 expression and upregulation of eNOS, Fig. 3 Transplanted BMMNCs reduced the plaque size and migrated into the plaque. a, b Representative HE-stained carotid vessel sections from vehicle-and BMMNC-treated rabbits on day 28 after cell transplantation. Scale bars=200 μm. c, d Quantitative analysis showed that BMMNC transplantation significantly reduced the atherosclerotic plaque size and the percentage of plaque area in the carotid vessel compared with that of the vehicle-treated group. Percent plaque area= plaque area/vessel area. e, f Representative Masson's trichrome staining on day 28 after cell transplantation. g Quantitative analysis showed that BMMNC transplantation significantly increased the percentage of collagen in the carotid vessel compared with that of the vehicle-treated group. Scale bars=200 μm. *p<0.05 vs. vehicle group. n=6/group. h, i BrdU-labeled BMMNCs (green) migrated to the atherosclerotic plaques. Labeled BMMNCs were observed homing to atherosclerotic plaques on day 1, but no BMMNCs were found in the plaque of vehicle-treated animals. Scale bars=20 μm. n=3 rabbits per group anti-oxidant enzymes (GPx-1, SOD-1), IGF-1, and IGF-1R. These novel findings suggest that autologous BMMNC transplantation has benefits for treatment of atherosclerosis.
It has been appreciated that oxidative stress plays a key role in the development and destabilization of arterial plaques [33] . In atherosclerotic pathology, deposition of redundant OxLDL Quantification analysis showed that plaques from the BMMNC group contained more eNOS than did plaques from the vehicle group. c-f BMMNC transplantation upregulated expression of the anti-oxidant enzymes GPx-1 and SOD-1 in plaque. c, e Western blot analysis of GPx-1 and SOD-1 in plaque. d, f Quantification of band densities showed that plaques from rabbits treated with BMMNCs had significantly higher GPx-1 and SOD-1 protein expression than did plaques from vehicle-treated rabbits. g, h BMMNC transplantation reduced expression of cell death marker cleaved caspase-3 in plaque. g Western blot analysis of cleaved caspase-3. h Quantification analysis showed that cleaved caspase-3 was significantly lower in plaques from BMMNC-treated rabbits than in plaques from vehicle-treated rabbits. *p<0.05 vs. vehicle group. i-l BMMNC transplantation significantly decreased the mRNA expression of proinflammatory cytokines in plaque. i Representative RT-PCR bands showing mRNA expression of IL-1β, TNF-α, and MMP-9 in plaque. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control. j-l Analysis of band optical densities showed that BMMNC transplantation significantly decreased the mRNA expression of IL-1β, TNF-α, and MMP-9 compared with that in vehicle-treated animals. *p<0.05 vs. vehicle group. n=6 rabbits per group Quantification of band densities showed that protein expression of IGF-1 and IGF-1R was significantly higher in plaques of BMMNC-treated rabbits than in plaques of vehicletreated rabbits. *p<0.05 vs. vehicle group. n=6 rabbits per group particles in the intima leads to the accumulation and activation of macrophages, T cells, mast cells, and dendritic cells as well as proliferation of SMCs [3, 34] . Subsequently, increased macrophages and SMCs form a large number of foam cells after phagocytosis of OxLDL [9] . In response to these changes in arterial wall, innate and adaptive immune responses are instigated, leading to marked elevation of proinflammatory cytokines IL-1β, TNF-α, and MMP-9 [8] , which aggravate the instability of plaque [34] . In addition, oxidative stress also lowers NO bioavailability by reducing eNOS [35] , the main enzymatic source of NO production [36] . As a defense against oxidative stress, SODs and GPx are the two most important enzymes to neutralize oxidants. However, atherosclerosis leads to persistent downregulation of anti-oxidant defense systems [6] .
IGF-1 is synthesized by most tissues, and IGF-1R is expressed in most cells, including ECs and SMCs [37, 38] . IGF-1 binding to IGF-1R leads to a variety of physiological functions [14] . Supplementing IGF-1 can reverse the downregulation of SODs and GPx, indicating that IGF-1 can directly counteract oxidative stress [39] . In addition, IGF-1 can enhance eNOS activity by reducing the inhibitory effect of ROS production on tetrahydrobiopterin. Furthermore, IGF-1 acutely enhances eNOS-dependent NO production by increasing phosphorylation at Ser1177 via a PI3K and Akt pathway [40] . However, OxLDL was shown to significantly and dosedependently reduce IGF-1 and IGF-1R [31] . Recent evidence has shown that direct injection of IGF-1 reduces inflammatory responses, suppresses oxidative stress, and decreases atherosclerosis progression in ApoE-deficient mice [17, 32, 41] , further supporting these findings. Therefore, upregulation of IGF-1/IGF-1R may decelerate plaque formation, reduce the risk of plaque rupture, and lower the probability of cardiovascular diseases, including ischemic stroke and myocardial infarction.
A number of investigators have reported that BMMNCs have protective effects in ischemic diseases, especially myocardial infarction and ischemic stroke [42] [43] [44] . Multiple mechanisms have been shown to mediate their therapeutic benefits, including cell differentiation [45] , cell fusion, and the secretion of growth factors and cytokines [27] . A recent study showed that BMMNCs could secrete IGF-1 in vitro and vivo and that BMMNC-derived conditioned medium could inhibit H 2 O 2 -mediated apoptosis of neonatal cardiomyocytes via IGF-1 [20] . Furthermore, IGF-1 released by BMMNCs facilitated elevation of endogenous IGF-1 in a positivefeedback fashion. In this study, we found that BMMNC transplantation significantly upregulated the expression of GPx-1, SOD-1, eNOS, and IGF-1/IGF-1R and reduced proinflammatory cytokines in plaque, supporting the anti-oxidative and anti-inflammatory effects of BMMNCs. Previous studies have confirmed that IGF-1 mediates anti-oxidative and antiinflammatory effects in plaque. We infer that the antiatherogenic effect of BMMNCs could result from an upregulation of the IGF-1/IGF-1R signaling pathway. Compared with injection of IGF-1 to treat atherosclerosis, our approach is more economical, simple, and convenient.
Previous studies have shown that transplantation of bone marrow cells from naive mice into ApoE-deficient mice protects them from atherosclerosis [46, 47] . In clinic, collection of BMMNCs from atherosclerotic patients themselves requires less than 3 h, and the use of autologous BMMNCs can prevent immunological rejection. However, conflicting results have also been reported [48, 49] . Researchers who transplanted bone marrow cells from wild-type mice to age-matched ApoE − / − mice found that BMMNC treatment increased the size of atherosclerotic plaques. The alteration of components in bone marrow may account for the discrepancy. We and others have demonstrated that stress, such as atherosclerosis and stroke, leads to profound changes in bone marrow [50] .
Taken together, our findings indicate that autologous BMMNC transplantation can significantly suppress the process of atherosclerotic plaque development, possibly by attenuating the inflammatory response and oxidative stress and upregulating anti-oxidant enzymes. Our work provides support for a new treatment option to improve prognosis of atherosclerosis and a foundation for future preclinical studies on therapeutic approaches for atherosclerosis.
